Serum bactericidal assays (SBAs) measure the functional activity of antibodies and have been used for many decades. SBAs directly measure antibody killing activity by assessing the ability of antibodies in serum to bind to bacteria and activate complement. This complement activation results in the lysis and killing of the target bacteria. These assays are valuable because they go beyond quantifying antibody production to elucidate the biological functions that these antibodies have, allowing researchers to study the role that antibodies may play in preventing infection. SBAs have been used to study immune responses for many human pathogens, but there is no widely accepted methodology for Shigella at present. Historically, SBAs have been very labor-intensive, requiring many time-consuming steps to accurately quantify surviving bacteria. This protocol describes a simple, robust, and high-throughput assay that measures functional antibodies specific for Shigella in serum in vitro. The method described here offers many advantages over traditional SBAs, including the use of frozen bacterial stocks, 96 well assay plates, a micro-culture system, and automated colony-counting. All of these modifications make this assay less labor-intensive and more high-throughput. This protocol is simpler and faster to perform than traditional SBAs while still using simple technologies and readily available reagents. The protocol has been successfully applied in multiple independent laboratories and the assay is robust and reproducible. The assay can be used to assess immune responses in pre-clinical as well as clinical studies. Quantifying shigellacidal antibody titers both before and after antigen exposure (either by immunization or infection) allows for a broader understanding of how functional antibody responses are generated and their contribution to protective immunity. The development of this standardized, well-characterized assay may greatly facilitate Shigella vaccine design.
Introduction
Shigella serotypes, Shigella flexneri 2a, S. flexneri 3a, and S. sonnei, demonstrate epidemiological prevalence globally. The diarrheal disease caused by these Shigella species impacts military, travelers 1 , and is a leading cause of diarrheal death among children under the age of 5 in developing countries 2 . There are currently no licensed vaccines to protect against Shigella, however, there are multiple candidate vaccines at various stages of the development. Many of these vaccines, and other prophylactic measures currently in development, focus on antibodies produced against Shigella lipopolysaccharide (LPS). LPS is an attractive vaccine candidate because it is a major surface antigen and natural infection with Shigella induces LPS-specific antibodies that can be protective against re-infection in a serotype-specific manner. Therefore, a successful Shigella vaccine will likely need to be multi-valent and target 3-4 Shigella serotypes to induce immunity against 70-80% of globally circulating strains . This protocol describes an SBA with modifications that improve assay efficiency and reproducibility. The first of these modifications is the use of frozen bacterial stocks. The production of single use stocks eliminates the need to culture fresh bacteria for each assay while also reducing assay-to-assay variability. Another time and labor saving advantage of this protocol is the use of a 96-well plate assay format. This allows for serial dilution of samples so that a range of concentrations can be tested. It also allows for the use of multichannel pipettes for plating samples on square Petri dishes. When these square Petri dishes are used in conjunction with a culture system that produces micro-colonies, the number of agar plates required for the assay is reduced. This, in combination with freely available colony-counting software, originally developed for the pneumococcal multiplexed opsonophagocytic killing assay (MOPA) 10 , allows for the rapid, automated, and reliable colony enumeration. All of these improvements significantly reduce hands-on assay time and creating a high-throughput system allowing for multiple plates to be run at once.
While this protocol has been optimized for three of the most clinically relevant serotypes of Shigella, the SBA described here can be easily applied to many other bacterial pathogens. In addition to this protocol's potential use with other bacteria, this protocol has the potential to expand beyond using only serum as a starting material, which could include the analysis of antibodies in other relevant sample types such as mucosal samples, including saliva and fecal samples. The use of this assay to investigate immunological responses after vaccination may give broader insight into immune responses generated by vaccination leading to the rational design of vaccines, and aid in the understanding of how natural immunity develops.
Protocol
This protocol follows the guidelines of the WRAIR Human Subject's Protection Board. Samples used in this study are human serum samples collected as part of WRAIR protocol number 1328, in compliance with all institutional and federal regulations governing the protection of human subjects. Samples were de-identified, and the use of these anonymous samples was classified as non-human subject research by the UAB IRB (protocol number N150115001).
Prepare Assay Reagents
1. Prepare 1% Gelatin by adding 1 g of gelatin to 100 mL of water. Autoclave and store at room temperature. 2. Prepare 100 mg/mL TTC (2,3,5-Triphenyltetrazolium chloride) stock solution (1,000x) by adding 5 g of TTC to 40 mL water. When the TTC is fully dissolved, adjust the volume to 50 mL with water and sterile filter using 0.2 µm filter. Store the solution at 4 °C and protect from light. NOTE: TTC colorizes the bacterial colonies and makes them much easier to count. TTC solution has a slight yellow color. If TTC solution develops a red color, discard and prepare fresh. 3. Prepare 10% sodium azide (NaN 3 ) stock solution (100x) by adding 5 g NaN 3 to 40 mL of water. After complete dissolution, add water to 50 mL. Store at room temperature. CAUTION: Sodium azide is a poison and may be toxic if ingested or absorbed through the skin or eyes. It may react with lead and copper plumbing to form highly explosive metal azides. On disposal of reagents containing sodium azide, flush with a large volume of water to prevent azide build-up or discard in a biohazard bag. 4. Prepare LBA plate (LB agar plate) by adding 35 g of LB agar to 1 L of water and autoclave. Add 25 mL to each square petri dish (120 x 120 mm 2 ). Incubate plates at RT for 10-20 min to allow agar to solidify. Place plates back into plastic bags and store at 4 °C for up to 1 month. 5. Prepare Overlay Agar by adding 7.5 g of agar to 1,000 mL of water and autoclave. Incubate in 56 °C water bath until needed. Right before use, add 1 mL of 100 mg/mL TTC and 10 mL of 10% NaN 3 and mix well. NOTE: Each LBA plate needs 25 mL of Overlay Agar. Overlay Agar can be prepared up to one month in advance and melted in a microwave or on a hot plate as needed for the assay. Ensure that agar temperature is ~55 °C before application to LBA plates. 6. Prepare Assay Buffer by adding 5 mL of 10x Hanks's Balanced Salt Solution (HBSS) with Ca 2+ /Mg 2+ and 5 mL of 1% gelatin to 40 mL of water. Store at room temperature. 3. Transfer ~10 isolated smooth colonies to a 50 mL tube containing 30 mL of LB broth. Incubate for 3-5 h at 37 °C with gentle shaking until the culture broth has an OD 600 of ~0.6-0.7. 4. Harvest the top 12.5 mL of the culture and transfer to a fresh 50 mL tube. Centrifuge the culture at 15,000 x g for 2 min using a table top micro-centrifuge. Discard the supernatant and re-suspend the pellet in 25 mL of 15% sterile glycerol-LB. 5. Mix well and dispense 0.5 mL aliquots into sterile 1.5 mL micro centrifuge tubes (~48 tubes). Store aliquots at ≤ -70 °C in freezer. 6. Confirm the bacterial identity using the agglutination test before use.
Prepare Complement and Target Bacteria
3. Determination of optimal dilution factor for target bacteria stock NOTE: Each batch of target bacteria stock must be titrated in assay conditions to determine the dilution necessary to yield ~120 CFU/spot on LB plates. 1. Get a microtiter plate (Dilution Plate) and add 135 µL of Assay Buffer to well 1A. Add 120 µL of Assay butter to wells 1B-1H. 2. Remove a vial of frozen target bacteria from the freezer and thaw at room temperature. Add 15ul of thawed bacterial stock to well 1A to make a 10-fold dilution of the bacterial stock. 3. Transfer 30 µL of bacterial solution from well 1A to well 1B to perform a 5-fold serial dilution. Continue 5-fold serial dilutions to well 1H for a total of 8 dilutions (1:10; 1:50; 1:250; 1:1 250; 1:6 250; 1: 31 250; 1: 156 250; 1:781 250). 4. Get another microtiter plate (Assay Plate) and add 20 µL of Assay Buffer to all well in columns 1 and 2 in the Assay Plate. 5. Transfer 10 µL of diluted bacteria from each well in column 1 of the Dilution plate into the corresponding wells in columns 1 and 2 of the Assay Plate. 10 µL of bacteria is transferred from well 1A of the dilution plate into well 1A and 2A in the Assay Plate, etc. 6. Continue with the assay as described in Serum Bactericidal Assay (SBA) below for Control A and Control B, steps 3.6-3.12. 7. After the plates have been incubated on ice, use a multichannel pipette with 8 pipette tips to spot 10 µL from the wells in column 1 onto an LBA plate. Also, spot the wells from column 2 onto the LBA plate. 8. Continue with the assay as described below in steps 3.14-4.6. 9. Determine the bacteria dilution that yields ~120 CFU/spot in Control B, this dilution will be used in the assay.
Serum Bactericidal Assay (SBA)
NOTE: The procedure described below is for one assay plate, but the number of Assay Plates can be increased. 1. Remove 10 µ of the sample from wells 3H-12H and transfer to corresponding wells in row G and mix the sample well by pipetting up and down 8-10 times. 2. Then remove 10 µ from wells 3G-12G and transfer to corresponding wells in row F and mix well. 3. Continue these serial dilutions through row A. After mixing the wells in row A, remove and discard 10 µl from wells 3A-12A so that all wells contain 20 µl. NOTE: Because 20 µL of serum is used in a total assay volume of 80 µL, there is a 4-fold additional dilution in the assay. This dilution must be taken into account during the calculation of an SBA titer by multiplying the dilution of serum by 4. For example, if a starting dilution of 1:2 is used, the actual dilution being tested is 1:8.
5.
Remove one vial of frozen Target Bacteria Stock and thaw at room temperature. Dilute the bacteria in 20 mL of Assay Buffer according to the pre-determined optimal dilution factor (this dilution factor was determined in section 2.3). Add 10 µL of diluted bacteria to each well of the assay plate using a multichannel pipette. 6. Remove one vial of frozen BRC and one vial of frozen Heat-inactivated BRC, thaw at room temperature with running cold water or place on the grate of a biological safety cabinet with blowing air to thaw quickly. 16 . Incubate the LBA plates at 37 °C for 2 h to allow the surviving bacteria to develop red color, see Figure 1 below. 17. Photograph plates using a digital camera and transfer images to a computer where NIST's Integrated Colony Enumerating Software (NICE) has been installed, see Figure 2 . NOTE: NICE colony-counting software is available at no charge. See Materials List for details and installation instructions.
Count Bacterial Colonies
1. Open NICE Software and input Operator Name, Experiment information, and any assay Notes into the empty fields. Once this data is entered click the Done button. 2. Import photographed plates by clicking the Open button and selecting the correct files from the computer. Figure 3 . When counting is finished click the Export button to export the data in .xls/.xlsx format. Name and save the .xls/.xlsx file for data analysis. 6. Arrange exported data into a table format so that counts are organized in a table representing the 96-well assay plate, see Table 2 .
Calculate SBA Titer (KI) and Non-specific Killing (NSK)
NOTE: SBA titer, or killing index (KI) is defined as the reciprocal of the serum dilution that kills 50% of the target bacteria.
Calculate the 50% killing index (KI) cutoff value by averaging the CFU of active complement control wells (Control B) and dividing by 2.
Calculate the average CFU for each dilution of each sample that was run in duplicate, see Table 3 . 2. Because a serum dilution will rarely yield exactly this 50% KI value, it can be interpolated from two sequential serum dilutions, one that kills less than 50% and one that kills more than 50%, see Figure 4 . The formula for calculating the interpolated SBA KI is shown below: 
Representative Results
A 96-well plate layout used in a typical assay is shown in Table 1 . This layout has the active complement control wells (Control B), the heatinactivated complement control wells (Control A), and five samples in duplicate. Samples are serially diluted 3-fold up the plate from Row H to Row A allowing for 8 dilutions of each sample to be tested at once. Figure 1 shows two LBA plates after the overnight incubation and overlay addition. Color development has taken place and all surviving colonies are visible in red. Bacterial killing is clearly seen for all samples tested in the first three dilutions (rows F-H) and as samples are diluted further up the plate, a decrease in bacterial killing is seen where serum is less concentrated. NICE software interface can be seen in Figure 2 . Micro-colony counts from the NICE software can be seen in Figure 3 , and these counts have been organized into Table 2 . The average CFU count for each dilution of each sample is calculated and a 50% KI value is calculated in Table 3 . This 50% KI value can be applied to the averaged CFUs for each serum dilution to determine the values needed to calculate the SBA KI according to the formula described in Figure 4 . The final result of the assay is shown in 
Discussion
The protocol described here demonstrates a functional immune assay to assess the shigellacidal activity of antibodies in serum. In the assay demonstrated for this protocol monoclonal antibodies specific for S. flexneri 3a were used 9 along with control human sera from a previous . The basis of the SBA focuses on the activation of the complement cascade by antibodyantigen binding. Therefore, the handling of the BRC reagent is one of the many critical steps involved in the execution of this protocol. BRC was selected for use in this assay because of its consistent performance and low levels of NSK in other bactericidal assays 12, 13, 14 . The activity of BRC is temperature sensitive and appropriate measures must be taken to ensure that freeze thaw cycles are minimized, that the BRC is aliquoted into single use volumes, and that the BRC aliquots are thawed quickly, immediately prior to use in the assay. The consistency of complement activity will impact the reproducibility of this assay. Another critical step that impact assay reproducibility is the production and dilution of bacterial stocks. It is important that before beginning the assay the appropriate dilution of bacterial stocks is determined, as assay success is depending on the consistent production of controls A and B having CFU counts averaging ~120 CFU per spot. In order to get spots that are countable by the software, it is also imperative that the technique used to plate bacteria is executed successfully. The deposition of bacterial solution and tilting of the plate so that spots run ~2-3 cm is critical for producing colonies of the right size and correct distribution for accurate counting by the NICE software. Mastering all of these steps will ensure that accurate, consistent results are produced by this protocol Even when all critical steps are executed well there may still be instances where it is necessary to modify or troubleshoot this protocol. Modifications of this protocol to evaluate other bacteria may require optimization of the overnight LBA plate incubation temperature, to ensure the formation of micro-colonies. Other strains of bacteria or antibody sources, other than serum, may require optimization of complement concentration. NSK values and KIs of control sera should also be monitored to ensure that the assay is working appropriately. NSK should not rise over 70%. The KI of control sera should not vary more than mean ± 2SD. To achieve successful and consistent results when using this protocol, it will be necessary to perform all steps as described here with special attention to the critical steps outlined above.
While this protocol fills an important need in the Shigella research community, it is not without its limitations. This protocol relies on biological materials and, therefore, will always be some variability that is difficult to control. Variations in complement activity from different lots and sources may contribute to variability in assays. To mitigate this, it is important to handle complement appropriately and test new lots of complement for activity before purchase. It may also be helpful to create pools of complement lots with known activity to have a homogeneous supply. This protocol is simple by design and does not require any specialized equipment and the automated colony enumerating software is freely available. While this simplicity is an advantage, allowing this protocol to be used in virtually any laboratory, it does still require an overnight incubation. Recent assays have been described that have much shorter incubation requirement, but do require specialized, preparatory reagents 15 . Another limitation of this assay is that in its current form it is only capable of investigating a single bacterial species at once. In the Shigella field there is a desire to create a multivalent vaccine, and having immunological assays that can assess pathogens in a multiplex manner is of great value. This assay could be modified in the future to meet this need, but in its current form, it is a single-plex assay.
While this assay has some limitations, it still has many advantages over existing or alternative methods. These advantages include many improvements that combine to make the execution of this method much less labor-intensive and more high-throughput than traditional SBAs. The use of frozen bacterial stocks, a 96-well plate assay format, the plating on larger square petri dishes, the coloration of the colonies that allows for photographing and automatic colony-counting, all help to reduce the materials and time needed to complete this assay. This assay also has advantages over other high-throughput methods because it does not require any specialized reagents or equipment. The protocol described can be performed with basic reagents and freely available software, allowing for its application in any laboratory setting.
All of the advantages this protocol provides supports its use in many future investigations. The assay is ideally suited for the examination of immune responses after vaccination or natural infection. This application allows for the SBA to be a valuable tool in Shigella vaccine research and has already been used to evaluate vaccine immunogenicity in Shigella bio-conjugate vaccines where it has demonstrated the ability of these vaccines to induce the production of functional antibodies 16 . This protocol has been extensively tested by multiple laboratories and has been shown to produce reliable, reproducible results 9 . This protocol also produces comparable results when the same samples are tested using other bactericidal assays 17 . The consistency in the data generated by this assay, and its compatibility with other older methods makes it a robust tool for accurately assessing bactericidal activity in serum samples. The assay can also easily be adapted to evaluate additional sample types. While serum is readily available in adult clinical trials, it can be difficult to get sufficient serum in trials focusing on infants and small children; one of the eventual target populations for Shigella vaccines. In these trials, whole blood is routinely collected on filter paper and dried. There has been some preliminary success with this type of sample format using the SBA. In addition to whole blood, mucosal samples (such as saliva, fecal extracts, and urine) are also a target that is relevant in Shigella vaccine research. Currently, this protocol has been evaluated for three of the most clinically relevant serotypes of Shigella but it can also be adapted for additional Shigella spp. as well as other bacterial pathogens. Future work will focus on the production of a multiplex assay with many of the same characteristics as the assay described by this protocol. A multiplexed assay will allow for evaluation of multiple Shigella serotypes simultaneously, further conserving sample volumes and hands on assay time. There is also work underway to transfer this assay to laboratories across the globe. These global evaluations will generate more data towards qualifying the assay on a larger research scale, while at the same time increasing number of microbiology and immunology laboratories that have access to this SBA to evaluate bacteria and serum samples collected from different endemic locations. The assay described here is simple and high-throughput and has the ability to improve immunological assessment in the Shigella field, as well as broader applications to assessment of other bacterial pathogens.
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